Bone cancer pain has been reported to have unique mechanisms and is resistant to morphine treatment. Recent studies have indicated that neuron-restrictive silencer factor (NRSF) plays a crucial role in modulating the expression of the m-opioid receptor (MOR) gene. The present study elucidates the regulatory mechanisms of MOR and its ability to affect bone cancer pain. Using a sarcoma-inoculated murine model, pain behaviors that represent continuous or breakthrough pain were evaluated. Expression of NRSF in the dorsal root ganglion (DRG) and spinal dorsal horn was quantified at the transcriptional and translational levels, respectively. Additionally, chromatin immunoprecipitation assays were used to detect NRSF binding to the promoter of MOR. Furthermore, NRSF was genetically knocked out by antisense oligodeoxynucleotide, and the expression of MOR and the effect of morphine were subsequently analyzed. Our results indicated that in a sarcoma murine model, NRSF expression is upregulated in dorsal root ganglion neurons, and the expression of NRSF mRNA is significantly negatively correlated with MOR mRNA expression. Additionally, chromatin immunoprecipitation analysis revealed that NRSF binding to the neuron-restrictive silencer element within the promoter area of the MOR gene is promoted with a hypoacetylation state of histone H3 and H4. Furthermore, genetically knocking down NRSF with antisense oligodeoxynucleotide rescued the expression of MOR and potentiated the systemic morphine analgesia. The present results suggest that in sarcoma-induced bone cancer pain, NRSF-induced downregulation of MOR is involved in the reduction of morphine analgesia. Epigenetically, up-regulation of MOR could substantially improve the effect of system delivery of morphine.
Introduction
Pain is one of the most severe and common cancer-related symptoms. 30 Arising from primary skeletal malignancies or bone metastases from breast, prostate, and lung cancers, pain associated with bony neoplasms usually increases in magnitude with the progression of the skeletal sarcoma. 10, 27 Bone cancer pain is commonly divided into the following 2 categories: ongoing pain and breakthrough pain. Ongoing pain is often experienced as a dull, constant, and throbbing pain that is usually the first symptom of bone cancer and increases in intensity with time.
Breakthrough pain refers to intermittent episodes of extreme pain usually occurring spontaneously or after using an affected limb. 10, 27, 55 As bone cancer pain is highly disruptive to a patient's quality of life, there is an urgent need for discovering its potential mechanisms and developing new treatments. 30, 35 Opioids are the cornerstone of cancer-pain management. 32 In patients with bone cancer pain, opioids are frequently prescribed to alleviate both ongoing and breakthrough pain. Animal models of bone cancer pain have shown that the opioid doses sufficient to inhibit pain behaviors were greater than those required to alleviate nociceptive behaviors of comparable magnitude caused by inflammatory pain. 10, 27, 33 Furthermore, escalating doses of opioids may produce diverse and disabling adverse effects while providing poor pain control, a problem that frustrates pain physicians. 16, 34, 36 Opioid agonists are effective in relieving pain in 70% to 90% of patients with cancer, but the remaining 10% to 30% patients with cancer still experience unresolved pain. 11 Relatively little is known about the mechanisms underlying this phenomenon. Previous studies have confirmed that m-opioid receptor (MOR) expression regulation is involved in the pathogenesis of neuropathic pain, 22, 39, 47 and the modulation of MOR expression is also involved in the nociceptive behavior abnormalities associated with bone cancer pain. 9, 27, 55 However, the modulation mechanisms of MOR expression remain uncertain.
Neuron-restrictive silencer factor (NRSF, also called repressor element silencing transcription factor, REST) can interact with the neuron-restrictive silencer element (NRSE, also called repressor element 1) found in the regulatory regions of neuron-specific target genes. 1, 5, 42 As an originally recognized transcriptional repressor of neuronal genes, NRSF not only suppresses MOR transcription in cell models, but also epigenetically silences MOR in a variety of in vivo situations. 8, 18, 19, 47, 53 However, whether NRSF is involved in the modulation of MOR expression induced by bone cancer pain has not been reported. Using a bone cancer pain animal model, the present study explores changes of NRSF expression and their potential effect on the transcription of MOR. The genetic knockdown of NRSF was performed by intrathecal delivery of antisense oligodeoxynucleotide (AS-ODN), and the pain behavior was examined after systemic morphine administration. The results indicate that NRSF plays an important role in the modulation of MOR transcription and may represent a novel analgesic target for bone cancer pain.
Materials and methods

Animals, cell culture, and implantation
Adult, male C3H/HeN mice (25-30 g; Weitong Lihua Laboratory Animal Technology Co, Ltd, Beijing, China) were used in the studies. The mice were housed in a vivarium with a 12-hour light/ dark cycle and had access to food and water ad libitum. All experimental procedures were approved by the Animal Use and Care Committee for Research and Education of the Fourth Military Medical University (Xi'an, China), the National Institutes of Health's (NIH's) Guide for the Care and Use of Laboratory Animals and complied with the guidance outlined by the Ethical Issues of the IASP. 60 We maintained 2472 NCTC murine sarcoma cells (American Type Culture Collection [ATCC], Rockville, MD) in NCTC 135 media (Sigma-Aldrich, St. Louis, MO) containing 10% horse sera (HyClone, Logan, UT) and passaged them weekly according to the recommendations of ATCC. The bone cancer pain model was induced as previously described. 43 Briefly, mice were intraperitoneally (i.p.) anesthetized with sodium pentobarbital (50 mg/kg). After the hair had been shaved and skin had been disinfected, an incision was made in the skin overlying the left patella. The patellar ligament was then cut, and the condyle of the distal femur was exposed. Using a 0.5-mm half-round burr, a hole was drilled into the medullary cavity. Then, 20 mL of a-minimum essential medium (MEM) containing 1 3 10 5 sarcoma cells was injected using a 29 gauge needle and a 25-mL microsyringe (sarcomaimplanted mice). Afterwards, the injection hole was sealed with bone wax to prevent leakage of sarcoma cell-containing MEM outside the bone, followed by copious irrigation with sterile saline. Finally, the wound was closed. In the sham-implanted mice, only 25 mL of MEM was injected.
Behavioral analysis
Prior to inoculation, and again on days 3, 7, 10, 14, and 21 postoperation, naive, sham-or sarcoma-implanted mice were tested for pain-related behaviors, including ongoing pain (quantification of spontaneous flinches) and movement evoked breakthrough pain (limb use, mechanical allodynia, and weight bearing).
Before each test was carried out, animals were placed in the testing environment and allowed to habituate for at least 30 minutes. Spontaneous flinching and limb use were assessed during normal ambulation in an open field. During a 2-minute observation period, the number of spontaneous flinches was recorded. Holding the left paw aloft unrelated to walking or grooming was defined as 1 flinch. Normal limb use was scored on a scale from 4 to 0 as follows: 4, normal use; 3, pronounced limp; 2, limp and guarding behavior; 1, partial nonuse of the limb in locomotor activity; and 0 5 complete lack of limb use. 27 Mechanical allodynia was measured by stimulation of the hind paw with von Frey monofilaments. Briefly, the mice were placed in transparent cages with a wire mesh floor, and a set of von Frey filaments (0.16, 0.4, 0.6, 1.0, 1.4, and 2.0 g; Stoelting, Wood Dale, Illinois) were applied perpendicular to the plantar surface of hind paws ipsilateral to the tumor-bearing legs in ascending order. Each mouse was tested 5 times per stimulus strength and the lowest von Frey filament that induced 3 or more positive responses in 5 applications was regarded as the paw withdrawal threshold (PWT). Weight-bearing was evaluated on a scale of 0 to 3 as follows: 0, the left hind paw was always lifted and there was no weight bearing at all; 1, the left hind paw was lifted from the floor but occasionally touched the floor; 2, the left hind limb was partially used to support body weight; and 3, the left hind limb was used to support full body weight with contralateral hind limb. All tests were performed by experimenters who were blinded to the treatment group. Data are presented as mean 6 SD.
Assessment of bone destruction
To evaluate the extent of bone destruction induced by sarcoma cell inoculation, micro-computer tomography (micro-CT) scanning was performed. On days 14 or 21 postinjection, the femur of the left hind limb was sampled and scanned with a highresolution x-ray micro-CT system for small animal imaging eXplore Locus SP (General Electric Company, Fairfield, CT). Standard reconstruction and a subsequent 2-and 3-dimensional morphometric analysis were processed. Quantification of bone destruction was rated similar to previously reported scales 20, 27 as follows: 0, normal bone; 1, medullary bone loss with no fracture; 2, loss of medullary bone and erosion of cortical bone; 3, fullthickness unicortical bone loss indicating unicortical bone fracture; and 4, full-thickness bicortical bone loss indicating bicortical bone fracture. Only animals with loss of medullary bone and erosion of cortical bone observed in the femur were included in the analysis. Mice with scores of 1 or 0 on femur micro-CT images were excluded from subsequent data analyses.
Immunofluorescence
The mice were re-anesthetized with an overdose of sodium pentobarbital (60 mg/kg, i.p.) and perfused transcardially with 20-mL phosphate-buffered saline (PBS, pH 7.4), followed by 50 mL of 4% (w/v) paraformaldehyde in 0.1-M phosphate buffer (pH 7.4). The L2-4 dorsal root ganglion (DRG) and the spinal cord were harvested (the contralateral side of the spinal cord was labeled by piercing a needle into the anterior horn) and postfixed in the same fixative for 2 hours (4˚C), and then cryoprotected with 30% (w/v) sucrose in 0.1 M phosphate buffer (pH 7.4) at 4˚C. Several days later, DRG were serially cut into 10 mm-thick sections on a frozen microtome (Kryostat 1720; Leitz, Mannheim, Germany) and mounted on gelatin-coated glass slides as 5 sets of every fifth serial sections. The spinal cord was also serially cut into 30 mm-thick sections and collected into 5 dishes containing 0.01 M PBS (pH 7.4). Each dish contained a one-fifth set of serial sections. One set of sections was used for immunostaining. Antigen retrieval was firstly performed by microwave treatment (10 minutes each for 3 times) in 10-mM citrate buffer (10- . Negative controls were performed on one set of sections by replacing primary antibodies with normal rabbit serum. Following immunostaining procedures, the sections were examined and analyzed using laser scanning confocal microscopy (FluoView FV1000; Olympus Co, Tokyo, Japan). Appropriate laser beams and filter settings for green-emitting fluorescein isothiocyanate (excitation 488 nm; emission 530 nm) or redemitting Alexa 594 (excitation, 543 nm; emission, 590-615 nm) were applied to the sections. To determine the percentage of neurons immunoreactive for MOR and NRSF, MOR, or NRSF immunoreactive neurons and the total number of neurons with a distinct nucleus were counted in 5 randomly selected DRG sections per animal (n 5 6 rats). This work was performed by experimenters who were blinded to the group assignment. The digital images were captured using FV10-ASW-1.6 software (Olympus, Tokyo, Japan), modified (15% to 20% contrast enhancement) in Photoshop CS5 (Adobe Systems, San Jose, CA) and then saved as TIFF files.
Western blot analysis
The mice were anesthetized with 1% sodium pentobarbital (60 mg/ kg, i.p.) and sacrificed by decapitation. The left L2/3/4 DRG and the spinal cord innervated by the L2-4 dorsal roots were rapidly removed on ice. The NE-PER kit (ThermoFisher, Waltham, MA) was used to prepare cytosolic and nuclear cell fractions. Briefly, cytoplasmic contents and nuclear extract were separated according to the manufacture's protocol. Protease and phosphatase inhibitors (Sigma) were added to all buffers. Sample aliquots were stored at 270˚C. The protein concentration was determined using the BCA method according to kit's instructions (ThermoFisher). Protein lysates (100 mg) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis on 7.5% gels and transferred (100 V for 2 hours) onto polyvinylidene difluoride membranes (Millipore, Billerica, MA) with a wet blotting system. The membranes were blocked with 5% nonfat milk at room temperature for 2 hours, followed by overnight incubation at 4˚C with the following primary antibodies diluted in blocking buffer: goat antiserum against MOR (1:200; Santa Cruz, TX), rabbit antiserum against NRSF (1:200; Santa Cruz), or donkey antiserum against histone H3 (1:500; Millipore). Subsequently, the immunoblots were incubated with the following secondary antibodies for 2 hours at room temperature (1: 5000; all from Santa Cruz): horseradish peroxidase (HRP)-conjugated donkey anti-goat IgG, HRP-conjugated donkey antirabbit IgG, or HRP-conjugated rabbit anti-donkey IgG. Between each step, the membranes were rinsed 3 times (10 minutes each) with Tris-buffered saline with Tween-20. Then, the chemiluminescence was detected using the enhanced chemiluminescence (ECL) system (Amersham Corporation, Arlington Heights, IL). Immunoreactivity was quantified by densitometric analysis using Image J software. Expression levels of MOR and NRSF were normalized against b-actin or histone H3, respectively. Data are presented as mean 6 SD.
Quantitative real time reverse transcription-polymerase chain reaction
The left L2/3/4 DRG and the left hemi spinal cord innervated by the L2-4 dorsal roots were rapidly removed and frozen in liquid nitrogen and stored at 270˚C until use. Total RNA was extracted using Trizol reagent (Thermo Fisher Scientific Inc, Waltham, MA) according to the manufacturer's instructions. The amount of RNA was measured using a spectrophotometer. A total of 500 ng of RNA was reversely transcribed into cDNA using the Reverse Transcription-Polymerase Chain Reaction Kit (Takara, Dalian, China), and quantitative real-time reverse transcriptionpolymerase chain reaction (quantitative reverse transcriptionpolymerase chain reaction [RT-PCR]) was performed with the SYBR PrimeScript Quantitative Real Time Reverse TranscriptionPolymerase Chain Reaction Kit (Takara) according to the manufacturer's protocol, using the ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA). Expression of mMOR and mNRSF was normalized to RNA loading for each sample using the reference gene glyceraldehyde-3-phosphate dehydrogenase as an internal control. Oligonucleotide primers for RT-PCR reactions are shown below: MOR primers (upstream primer, ATCCTCTCTTCTGCCATTGGT and downstream primer, TGAAGGCGAAGATGAAGACA), NRSF primers (upstream primer, GTGCGAACTCACACAGGAGA, and downstream primer, AAGAGGTTTAGGCCCGTTGT), 37 and glyceraldehyde-3-phosphate dehydrogenase primers (upstream primer, TATGACTCCACTCACGGCAAAT and downstream primer, GGGTCTCGCTCCTGGAAGAT). To confirm that a single band of the correct molecular weight was obtained, PCR products were analyzed on 2% agarose gels in all cases.
Chromatin immunoprecipitation assays
The levels of NRSF physically associated with the MOR promoter were assayed by the chromatin immunoprecipitation (ChIP) assay according to the protocols from Millipore and from previous reports. 3, 47 The L2-4 DRG of 3 mice were collected for each ChIP assay. After they had been homogenized in ice-cold cell lysis buffer (10 mM Tris-HCl, pH 8.0, 10 mM NaCl, 0.2% Nonidet P-40, 1 mM p-APMSF), DRG samples were transferred into PBS containing 1% formaldehyde at 37˚C for 5 minutes to cross-link histone proteins to DNA, followed by the addition of 0.125-M glycine to stop the reaction. Subsequently, the samples were repeatedly washed with PBS and resuspended in SDS lysis buffer (50 mM Tris-HCl, pH 8.1, 10 mM EDTA, 1% SDS, and 1 mM p-APMSF). The chromatin was sonicated (Misonix 3000, Farmingdale, NY) to an average length of 200-to 500-bp fragments and then diluted 10-fold in ChIP dilution buffer (16.7 mM Tris-HCl, pH 8.1, 1.2 mM EDTA, 167 mM NaCl, 1.1% Triton X-100, 0.01% SDS, and 1 mM p-APMSF). After being precleared with normal-rabbit IgG (1:5000; Santa Cruz) and protein A-agarose beads (Cell Signaling Technology, Danvers, MA) for 1 hour at 4˚C with rotation, the samples were centrifuged and the supernatant containing chromatin fragments were incubated overnight at 4˚C with the rabbit anti-NRSF (1:200; Santa Cruz), rabbit anti-acetyl-H3 antibodies (1:500; Millipore), rabbit anti-acetyl-H4 antibodies (1:500, Millipore), or normal rabbit IgG (1:5000; Santa Cruz). Immunocomplexes were then collected with protein A-agarose beads. The histone complex was eluted www.painjournalonline.comfrom the antibody with elution buffer (1% SDS, 0.1 M NaHCO 3 ) under rotation for 15 minutes at room temperature. The elutions were treated with 0.2 M NaCl at 65˚C for 4 hours to reverse the cross-link reaction. Subsequently, the DNA was treated with proteinase K for 1 hour at 45˚C and purified by phenol/chloroform extraction and ethanol precipitation. Then, the DNA was dissolved in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and used for subsequent PCR analysis. PCR products were subjected to electrophoresis on a 2% agarose gel. Quantitative RT-PCR was performed according to the above-mentioned steps. The data were normalized to the corresponding input. Primers for MOR-NRSE (upstream primer, CTGTGAGAGGAAGAGGCTG and downstream primer, AAGTTGAGCCAGGAGCCAGGT) are published elsewhere. 19, 47 In addition, a control region (-1676/-1566) in the upstream area of MOR-NRSE was also analyzed (upstream primer, GCAGCAGTAAGCACCACAAG and downstream primer, TGGCTGAGCTGAAATCTGTG).
Oligonucleotide treatment
As previously reported, the AS-ODN was designed to target mice NRSF mRNA. 47 The mice were randomly assigned to the following 3 groups: (1) AS-ODN group: mice received intrathecal injections of AS-ODN (59-CGGAAGGGCTTGGCC-39) at a dose of 10 mg in 5-mL aCSF; (2) Mismatch scrambled oligodeoxynucleotide (MS-ODN) group: mice received intrathecal injections of MS-ODN (59-GTCGTCGGCGGAGCA-39) at a dose of 10 mg in 5-mL aCSF; (3) Vehicle group: mice were intrathecally injected with 5-mL aCSF. The administrations were performed on days 15, 17, 19, and 20 post-sarcoma cell inoculation. The expression levels of NRSF or MOR and effect of morphine on pain behaviors were evaluated on postop day 21.
System morphine administration and behavior evaluation
On day 21 following the sarcoma cell inoculation, the AS-ODN, MS-ODN, or vehicle-treated animals were i.p. injected with saline or the following doses of morphine sulfate (MS; VA Medical Center, Minneapolis, MN): 0.3 mg/kg, 1 mg/kg, 3 mg/kg, and 10 mg/kg. Thirty minutes later, the spontaneous flinches, limb-use score and PWT were tested to evaluate the effect of AS-ODN administration with different morphine doses. Data are presented as percentages of the values of the saline-injected vehicle-treated sarcoma-bearing mice.
Rotarod test
Rotarod function was tested to exclude the effect of morphineinduced motor dysfunctions on pain behaviors, as has been performed elsewhere. 4, 45 Briefly, after saline or varying doses of morphine sulfate had been i.p. injected, sarcoma-bearing mice were placed onto the Ugo Basile 7650 Rotarod accelerator treadmill (Ugo Basile, Varese, Italy) at a constant speed of 4 rotations per minute. After 1 minute of training, the rotarod was linearly accelerated from 4 to 40 rpm over 5 minutes. The time before the mouse fell to the ground was recorded. Thirty minutes before morphine injection, animals were tested for baseline control. Data were expressed as percentages of the value of mean baseline control.
Statistical analyses
Statistical analyses were performed with SPSS software version 16.0 (SPSS Inc, Chicago, IL). Data were analyzed using repeated measures analysis of variance followed by Bonferroni correction for between-group comparisons. Changes in PWT were analyzed using the non-parametric Friedman test for repeated measures followed by q test for between-group comparisons as PWT results were nonlinearly dispersed. A P value less than 0.05 was considered statistically significant in all cases.
Results
Pain-related behaviors and bone destruction in sarcoma-inoculated mice
The bone cancer-induced pain behaviors were evaluated at different time points. On day 3 after surgery, signs of ongoing pain (spontaneous flinches) as well as movement-induced breakthrough pain (limb-use score and weight-bearing score) was detected in both sarcoma animals and sham-implanted animals (P , 0.05, respectively, as compared with naive mice, n 5 8; Figs. 1A, B, D) . On day 7 after surgery, pain-related behaviors in sham-implanted animals were alleviated, and there was no statistical difference between sham-implanted mice and naive mice. However, pain-related behaviors in sarcoma mice developed gradually over time. On day 10, sarcoma animals demonstrated a higher incidence of flinching, which was statistically significant (7.2 6 1.6, n 5 8; Fig. 1A ). Additionally, significantly lower indices of limb use and lower PWT as well as impaired weight bearing were observed in the sarcoma animals when compared with naive animals (P , 0.05, respectively, n 5 8; Figs. 1B, C, D). Evaluation on days 14 and 21 showed that the pain-related behaviors developed in sarcoma animals and that these behaviors occurred at a statistically significantly higher frequency than in naive mice (P , 0.01, respectively, n 5 8; Figs. 1A-D) .
Micro-CT scanning was used to evaluate the extent of bone destruction. Micro-CT images showed that various degrees of bone destruction (eg, radiolucent lesion in the epiphysis and erosion of cortical bone 21 days post-sarcoma cell inoculation) that had been caused by tumor growth. The bone marrow was replaced by tumor tissue with nonhomogeneous signal density. In some severe cases, tumor growth extended outside the bone and periosteum with cortical bone discontinuity. No radiological changes were observed in the sham-operated and naive mice (Fig. 1E) . Quantification of bone destruction showed that 21 days postoperation, the mean bone scores for tumor-bearing mice (3.3 6 0.5) were significantly higher than those of the naive mice (0.0 6 0.0; P , 0.05), while no significant differences were observed in sham-treated mice vs naive mice (0.0 6 0.0, Fig. 1F ).
3.2. m-opioid receptor expression was reduced while neuron-restrictive silencer factor expression in the dorsal root ganglion of sarcoma bearing mice was significantly elevated First, we investigated the MOR expression in the spinal cord and the DRG. As previously reported, quantitative RT-PCR revealed no apparent changes of MOR mRNA levels in the spinal dorsal horn 55 ( Figs. 2A, B) . However, on day 14 after sarcoma cell implantation, MOR mRNA expression in the DRG was significantly downregulated compared with that in preoperative or naive animals (P , 0.05 respectively, n 5 6; Figs. 2C, D) . Western blot analysis indicated that MOR protein expression was significantly reduced in both spinal dorsal horn and DRG compared with preoperative or naive mice (P , 0.05, respectively, n 5 6;
Figs. 2E-H).
Neuron-restrictive silencer factor has been shown to bind to the NRSE sequence within the MOR gene and play important roles in modulating the expression of the MOR gene. 8, 18, 19, 47 Next, we investigated the expression of NRSF in the ipsilateral spinal dorsal horn or L2-4 DRG after sarcoma cell inoculation at both transcriptional and translational levels. On postoperative day 14, the expression of both NRSF mRNA and protein in DRG of sarcoma bearing animals were significantly upregulated compared to that in preoperative or naive mice (P , 0.05 respectively, n 5 6; Figs. 2C, D, G, H) , while no significant changes were observed in the naive or sham-operated mice. In addition, there were no obvious changes in the expression of NRSF mRNA or protein in the spinal dorsal horn of sarcoma mice based on quantitative RT-PCR or Western blot analysis (Figs. 2A, B, E, F) .
The expression of MOR and NRSF in the spinal dorsal horn and DRG was further investigated with immunofluorescent staining. In the spinal dorsal horn, MOR immunoreactive fibers and neurons were mainly distributed in the superficial laminae. On day 14 after the surgery, MOR immunoreactivity was clearly reduced, which was in accordance with the quantification results of Western blot analysis. The immunostaining of NRSF in the spinal dorsal horn was so weak that immunofluorescence signal was almost not detected (Fig. 2I) . In the DRG neurons, the MOR-positive signal intensity was decreased 14 days following tumor cell inoculation while NRSF immunoreactivity was markedly upregulated compared with that in naive mice. Double-labeled immunofluorescence indicated that most NRSF immunopositive signals colocalized with MOR positive signals, suggesting that NRSF is widely expressed in the MOR-expressing DRG neurons (Fig. 2J) . Further analysis with the neuron counting results indicated that the percentage of MOR immunoreactive neurons in DRG was significantly reduced in sarcoma mice compared with that in naive animals, while the percentage of NRSF immunopositive neurons was obviously elevated (P , 0.05, respectively, n 5 6; Fig. 2K ). In the sections obtained from negative controls, immunoreactivity was completely eliminated through replacement of primary antibodies with normal rabbit serum (data not shown).
3.3.
Expressions of m-opioid receptor and neuron-restrictive silencer factor at different time points and the negative correlation between neuron-restrictive silencer factor mRNA and m-opioid receptor mRNA Observation at different time points with Western blot analysis indicated that the expression of MOR decreased while NRSF increased gradually over time. Ten days after sarcoma cell inoculation, the expression of MOR decreased significantly compared with that in preoperative mice. On day 14 postoperatively, the expression of MOR protein further decreased and this tendency continued to the end of the experiment. However, at day 10 postinoculation, the expression of NRSF in ipsilateral DRG was statistically elevated compared with that in preoperative mice. Sarcoma cell inoculation induced a long-lasting upregulation of NRSF expression throughout the observation period (P , 0.05, respectively, n 5 6; Figs. 3A, B) .
Relative quantification of MOR and NRSF mRNA with quantitative RT-PCR demonstrated that 10 days after the operation, MOR mRNA were reduced while NRSF mRNA was significantly elevated compared to that of preoperative controls. The downregulation of MOR mRNA or up-regulations of NRSF mRNA persisted at least 21 days post-sarcoma cell implantation (P , 0.05, respectively, n 5 6; Figs. 3C, D) . The results of 3.4. The abundance of m-opioid receptor-neuron-restrictive silencer element associated with neuron-restrictive silencer factor was significantly increased in dorsal root ganglion of sarcoma bearing mice with deacetylation of histone H3 and H4
The above-mentioned results indicated that NRSF mRNA and protein expression in DRG neurons were dramatically upregulated in sarcoma-inoculated mice. We subsequently tried to clarify the functional activity of NRSF on MOR expression in bone cancer pain. Using ChIP analysis, we examined the expression of MOR-NRSE sequence binding with NRSF, as well as the acetylation state of histone H3 and H4 over MOR-NRSE. As the representative image in Figure 4A shows, 14 days after the surgery, MOR-NRSE sequence binding with NRSF was dramatically increased in preparation of DRG from tumorbearing mice (P , 0.05, n 5 6; Figs. 4A, C), whereas no detectable signal was observed in sham-operated mice. The elimination of positive binding by precipitation with normal IgG confirmed the specificity of the immunoprecipitation (Fig. 4A) . We assumed that if NRSF mediated the repression of MOR transcription in DRG of sarcoma mice, an elevation of NRSF expression would be accompanied with deacetylation of histone proteins over the MOR-NRSE site. The abundance of acetylated H3 and H4 over MOR-NRSE sequence was then measured using the ChIP assay and quantitative RT-PCR. Fourteen days after sarcoma-cell implantation, the abundance of MOR-NRSE associated with acetylated H3 and H4 was dramatically reduced in ipsilateral DRG (P , 0.05 compared with naive animals, respectively, n 5 6; Figs. 4A, D) . A control region in the upstream area of MOR-NRSE was also targeted (Fig. 4B) . Quantitative RT-PCR targeting the control sequence indicated that sarcoma inoculation did not change the binding of NRSF and the acetylation of H3 or H4 within the control genomic target (data not shown). These findings indicated that more NRSF was binding to the MOR-NRSE sequence in sarcomabearing mice and the acetylation of histone H3 and H4 around MOR-NRSE sequence was reduced. . However, MOR mRNA expression levels in the DRG were significantly downregulated compared to that in preoperative (Pre-OP) animals (*P , 0.05, n 5 6) or naive animals (#P , 0.05, n 5 6; C and D). Western blot analysis showed that in the spinal dorsal horn, MOR protein was significantly reduced compared with that of preoperative (*P , 0.05, n 5 6) or naive mice (#P , 0.05, n 5 6; E and F). No significant change of NRSF protein was observed in the spinal dorsal horn (E and F). In the DRG, a significant reduction of MOR expression was observed in sarcoma bearing mice compared with that of preoperative (*P , 0.05, n 5 6) or naive mice (#P , 0.05, n 5 6; G and H). Neuron-restrictive silencer factor protein was significantly increased (compared with that of preoperative mice, *P , 0.05, n 5 6; or with naive mice, #P , 0.05, n 5 6; G and H). Immunofluorescent staining showed that 14 days post-tumor cell inoculation, the MOR immunoreactivity was significantly reduced in the spinal dorsal horn (I). Neuron-restrictive silencer factor immunoreactivity in the spinal dorsal horn is low and is hardly detected (I). On day 14 in the DRG, the MOR-positive signal intensity was decreased while NRSF immunoreactivity was markedly upregulated compared with that in naive mice (J). Double-labeled immunofluorescence indicated that most NRSF immunopositive signals colocalized with MOR positive signals, suggesting that NRSF is widely expressed in the MOR-expressing DRG neurons (J). Analysis with the neuron counting results indicated that the percentage of MOR immunoreactive neurons in DRG was significantly reduced in sarcoma mice compared with that in naive animals, while the percentage of NRSF immunopositive neurons was obviously elevated (#P , 0.05 respectively, n 5 6; K). Bar for (I), 200 mm; for (J), 50 mm. All data are expressed as mean 6 SD (n 5 6). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
Downregulation of m-opioid receptor induced by sarcoma implantation was blocked by neuron-restrictive silencer factor knockdown
To determine the impact of NRSF on MOR expression at the DRG of L3-L5 in sarcoma-inoculated mice further, genetic knockdown of NRSF was performed by intrathecal delivery of AS-ODN. Western blot results showed that the expression of NRSF was significantly downregulated by intrathecal delivery of AS-ODN in the sarcoma bearing mice (compared with that of vehicle-treated sarcoma mice, P , 0.05, n 5 4; Figs. 5A, B) . However, intrathecal MS-ODN did not change NRSF expression. Additionally, after vehicle or MS-ODN intrathecal treatment in sarcomainoculated mice, MOR was still expressed at a low level (Figs. 5A,  C) . However, intrathecal delivery of AS-ODN significantly elevated the expression of MOR in DRG of L3-L5 (compared with that of vehicle-treated sarcoma bearing mice, P , 0.05, n 5 4; Fig. 5C ).
The results indicate that NRSF antisense suppresses NRSF protein expression and rescues the expression of MOR.
3.6. Neuron-restrictive silencer factor antisense knockdown potentiated morphine analgesia in sarcoma-bearing mice
The effects of different doses of intraperitoneal morphine on painrelated behaviors after NRSF knockdown were evaluated. Antisense oligodeoxynucleotide treatment did not alter the baseline pain behavior in sarcoma-bearing mice. What was interesting is that in the spontaneous flinch test, only the 10-mg/ kg dose caused significant alleviation in the vehicle-treated mice (compared with baseline values, P , 0.05, n 5 6; Fig. 6A ).
However, reduction of spontaneous flinches was observed with the 3-mg/kg dose in the AS-ODN group (compared with values of baseline and Vehicle group, P , 0.05 respectively, n 5 6; Fig.  6A ). On the limb-use score test, a marker of clinical breakthrough pain in patients with bone cancer, there were no apparent changes observed after treatment with dosages of up to 10 mg/ kg of morphine in the vehicle-treated mice, while in the AS-ODN treated mice, the limb-use score was significantly improved with a dosage of 3 and 10 mg/kg (compared with values of baseline and Vehicle group, P , 0.05, respectively, n 5 6; Fig. 6B ). A similar tendency was found on the PWT test (Fig. 6C) . Taken together, these results indicate that the analgesic effects of i.p. administrated morphine were significantly potentiated by NRSF gene knockdown in sarcoma-bearing mice. In addition, rotarod testing was performed to assess whether systemic administration of morphine influenced motor function. The results showed no significant changes in rotarod-related motor performance after doses of morphine up to 30-mg/kg i.p. administration. When the doses were escalated to 100 and 300 mg/kg, significant impairment on rotarod performance was detected as presumed (P , 0.05, n 5 6; Fig. 6D ), which were similar to observations reported previously. 27 
Discussion
The mechanisms of bone cancer pain are complex and may involve a combination of inflammatory and neuropathic pain with unique characteristics. 10, 25, 33 During development of a sarcoma, soluble inflammatory and tumorigenic factors such as tumor necrosis factor-alpha are released while peripheral nerves are infiltrated and compressed. 49, 50 Primary nociceptive afferents may be sensitized by these soluble factors.
7,11,13,43 In addition, astrocytosis and microglia activation, internalization of www.painjournalonline.comthe substance P receptor, c-Fos expression and proinflammatory cytokine interleukin-1 (IL-1) beta, tumor necrosis factoralpha, 26 IL-18, 56 IL-33, 59 and IL-6 which are the cellular and neurochemical characteristics of chronic pain, can be detected in the spinal dorsal horn or DRG. 7, 10, 26, 43, 56, 59 Our previous report describes the effect of endogenous MOR ligands in the spinal cord and indicates that downregulated spinal endomorphin 2 is an important contributor to the neuropathological process of bone cancer pain. 4 Neuroinflammation appears to be involved in the peripheral nerves, DRG and the spinal cord, all Further analysis with quantitative RT-PCR showed that NRSF binding to the MOR promoter in dorsal root ganglion of the sarcoma mice was significantly increased compared to that in naive mice (*P , 0.05, n 5 6; C). ChIP analysis through immunoprecipitation with antibody to acetyl-H3 (D) or acetyl-H4 (E) showed that 14 days after sarcoma inoculation, acetylated H3 and H4 were significantly reduced compared with naive mice prior to surgery (*, P , 0.05, respectively, n 5 6). All data were normalized to the corresponding input and are expressed as mean 6 SD. of which contribute to the complex properties of bone cancer pain.
Clinical observations and animal studies have both revealed that bone cancer pain is resistant to morphine when compared to inflammatory pain or other pain generators. 27, 55 In clinical practice, significantly higher doses of morphine are generally required to alleviate bone cancer pain compared to inflammatory pain. Using a preclinical model of bone cancer pain, Luger et al. 27 indicated that the doses of morphine required to block bone cancer pain-related behaviors were 10 times higher than those required to block peak inflammatory pain behaviors of comparable magnitude. Other studies have also reported that bone cancer pain is difficult to manage and is relatively resistant to suppression by morphine. 29, 51, 55 However, the reasons for this have remained unclear.
It has been shown in several animal pain models that the expression of MOR in the spinal dorsal horn and DRG is dramatically altered. For example, after peripheral nerve injury, MOR expression is markedly decreased in ipsilateral DRG and the inhibitory effect of MOR agonists was reduced following such injuries. 22, 39 In an inflammatory pain model, MOR expression was increased in the dorsal horn and DRG, 15, 28 and the inhibitory effect of MOR agonists was increased. 44 Enhancement of MOR transgene expression in DRG neurons markedly potentiates morphine antinociceptive responses to thermal stimuli under both normal and inflamed conditions. 54 These data indicate that the analgesic effect of MOR agonists may depend on the expression of MOR in the dorsal horn and DRG. 55 There has been concern about the specificity of the antibody for opioid receptors; therefore, special attention was paid to the specificity of the antibody used in the present study. 41 The validated MOR antibody was used and the results indicate that MOR expression in the DRG of the sarcoma-bearing mice was significantly reduced, paralleling observations reported elsewhere. 55 However, whether reduction of MOR expression underlies pain behavioral changes and the resistance to morphine treatment in bone cancer pain and the potential regulation mechanisms remains unclear.
Transcriptional regulation of MOR expression has been recently examined, including studies of epigenetic mechanisms and transcription factors. 52 Viet et al. evaluated the mechanisms of cancer pain and found that the MOR gene was methylated in cancer tissues. Furthermore, demethylating drugs reverse cancer pain thereby indicating that methylation contributes to the modulation of MOR gene in cancer pain. 48 As a silencer factor that plays a critical role in elaboration of the neuronal phenotype, NRSF has been shown to bind to the neuron-restrictive silencer element (NRSE) of the MOR to function as a MOR gene expression repressor either in specific neuronal cell lines 18, 19 or in vivo animal studies. 8, 47 Kim et al. 19 identified the conserved NRSE sequence in the promoter of the mouse MOR gene and demonstrated that NRSF specifically bound to NRSE to control MOR gene expression in specific neuronal cells. Recent in vivo studies confirmed that NRSF functions in the modulation of MOR gene expression either in the hippocampus or in the DRG. 8, 47 The present study demonstrated that NRSF protein was significantly upregulated in the DRG of sarcoma bearing mice, thereby causing epigenetic silencing of MOR. The negative correlation between NRSF mRNA and MOR mRNA revealed by linear correlation analysis indicated that NRSF might be responsible for the MOR downregulation after tumor inoculation. Further analysis by NRSF antisense knockdown provided direct evidence that NRSF is involved in the modulation of MOR transcription.
To test our hypothesis that regulation of MOR expression by NRSF was involved in the abnormality of pain behaviors in tumorbearing mice, we subsequently performed gene knockdown of NRSF and investigated the effect of systemic morphine administration. Interestingly, although NRSF knockdown significantly rescued the expression of MOR, no significant changes were observed in the baseline pain behaviors of the AS-ODN-treated group. However, potentiation of morphine analgesia was observed in the AS-ODN group. Further analysis indicated that after AS-ODN treatment, spontaneous flinches were reduced to the same extent with lower doses of morphine. For the limb-use score-examination, which represents breakthrough pain that is clinically resistant to morphine, 4 in the vehicle-treated group even higher doses of morphine (10 mg/kg) were not able to improve limb-use score significantly. Notably, even after AS-ODN administration, limb-use scores were markedly improved with lower doses of morphine (3 mg/kg). Considered overall, these findings strongly suggest that downregulation of MOR expression in the DRG contributes to the relative lack of efficacy of opioids in the treatment of bone cancer pain. 55 The silencing activity of NRSF was correlated with its expression level 5, 42, 47 ; however, the precise mechanisms underlying modulation of NRSF expression in the DRG remain elusive. Recent articles have indicated that HDAC-mediated epigenetic mechanisms are involved in the regulation of NRSF expression in the neuron. 1, 47 Within the 59 end of the mouse NRSF gene, 3 promoters have been identified. 21 Further analysis indicates that there are putative binding sites for AP-1 and Sp1 in the NRSF promoter II region. 21, 47 Previous studies have indicated that neuronal activity may regulate NRSF expression, 40 and there were reports that neuronal activity may regulate gene expression through extracellular signal-regulated kinase (ERK) activation, 14 a pathway that can lead to the activation of AP-1 and Sp-1.
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Considering this cumulative volume of evidence, we hypothesized that in the development of bone cancer, neuronal activity changes resulting in the activation of AP-1 and Sp-1 in the promoter region of NRSF gene through ERK activation. In addition, inflammatory responses may also involve in the activation of ERK and contribute to the regulation of NRSF expression. However, the exact mechanisms underlying the induction of NRSF require further study.
The modulation of tumor growth by local MOR agonists has raised concern in recent years. Currently, results are mixed and findings may depend on the model and the dose/concentration of MOR agonist used. 20 An early study found that the antagonist of MOR inhibited the growth of metastatic murine neuroblastoma, resulting in increased survival times. 57 Furthermore, both endogenous opioids (endomorphin-1, -2) and exogenous opioids can stimulate tumor growth and metastasis. 6, 12, 24 Taken together, these results indicate that MOR is an important regulator of lung cancer progression. 23, 31 However, there are also reports that morphine inhibits cancer cell growth. 46, 58 The expression of MOR in bone sarcoma tissues and the effects of MOR on the growth of bone sarcoma have not been reported and investigations of that are beyond the aims of the present study. Another limitation of the present study is that the sham animals were injected with cell culture media, although it has been widely used elsewhere. 9, 34, 43, 55 As there were reports that benign keratinocytes placed adjacent to an injured nerve can induce neuronal hyperactivity, 38 the injection of a benign counterpart to the malignant cell line may be a better sham control than the injection of cell culture media, to ensure that the malignant phenotype is responsible for the changes observed. Furthermore, we should be aware that there are limitations of the ChIP assay. The data obtained with the ChIP assay in the present study are correlational and we cannot infer cause and effect.
In conclusion, we have demonstrated that NRSF is significantly upregulated and bound to the promoter zone of MOR in the DRG of bone cancer mice. Genetic knockdown of NRSF rescues the expression of MOR and potentiates morphine analgesia. The expression of opioid receptors is not only regulated at the transcriptional level but also controlled by extensive posttranscriptional processing. 52 Furthermore, the effect of a MOR agonist may be affected by the expression of MOR, the activation state, the development of tolerance, dependence, as well as hyperalgesia induced by long term use of agonist. All of these factors contribute to the complex property of the modulation of MOR expression and complicate the clinical utility of opioid pharmacotherapy. Further studies are needed at both the preclinical and clinical levels to develop pharmacological therapy, and to block/ relieve bone cancer pain effectively with the goal of increasing the functional status and quality of life of humans with bone cancer pain.
